Introduction
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The vertebrate nervous system arises from a pseudostratified epithelium within which elongated 25 proliferating cells contact both the apical and basal surfaces. Within these cells, striking nuclear 26 movements take place during the proliferative phase of neural development. More than 80 years 27 ago, these movements, termed interkinetic nuclear migration (IKNM), were shown to occur in 28 synchrony with their cell cycle (Sauer, 1935) . Under normal conditions, nuclei of proliferating 
Results
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Generating image sets with high temporal resolution 76 We imaged fluorescently-labeled nuclei of whole retinas of developing zebrafish at 2 min intervals, 77 an optimal time period given the difficulty to track nuclei accurately over long times and the 78 increased photobleaching with shorter intervals. We compared movies of retinas imaged at 2 79 min and at 20 s intervals over a period of 2 hours and found that the improvement in temporal 80 resolution made no difference to our analyses. This suggests that it is unlikely that within each 2 81 min interval there were important intervening movements that might complicate the analysis. 82 To follow the nuclei of all cells within a portion of the retina we used H2B-GFP transgenic 83 lines with GFP expression exclusively in the nuclei ( Figure 1A) . In order to achieve the desired 84 temporal resolution without sacrificing image quality, fluorescence bleaching and sample drift must 85 be minimized as much as possible. The retinas of H2B-GFP embryos were imaged using either 86 a single-angle lightsheet microscope (see Figure 1B for over 120 min and were compared to tracks generated over a range of these two parameters. The 104 best combination of the two parameters was chosen as the one with highest tracking fidelity and 105 lowest amount of oversegmentation over that interval.
106
The most optimal combination of parameters yielded an average linkage accuracy, from each Figure 1D shows IKNM of a single nucleus tracked from its birth, at the apical surface of 115 the retina, to its eventual division into two daughter cells. Figure 2A . 120 Single tracks for any given time interval can be extracted and analyzed from this collection. In order 121 to transform the Cartesian coordinates of the tracks into an apicobasal coordinate system, we drew 122 contour curves at the apical surface of the retina (e.g. see Figure 1A ) separating RPC nuclei from the 123 elongated nuclei of the pigmented epithelium. We then calculated curves of best fit (second degree 124 polynomials) in both the XY and YZ planes. Assuming that the apical cortex is perpendicular to the 125 apicobasal axis of each cell, displacement vectors of the nuclei at each time point can be separated 126 into apicobasal and lateral components. Since, in IKNM, the apicobasal motion is that of interest, 127 we used this component for our remaining analyses. there is a diffusion constant independent of position, time, and itself, namely
116
Analysis of nuclear tracks
By analyzing the experimental data we seek to determine . This equation provided the basis for 210 our mathematical description of IKNM in terms of a diffusion process.
211
In addition to Equation 1, we also needed to specify the boundary conditions adequate to 
where 0 is the initial number of nuclei and = ∕ ln 2, with the average cell cycle length. Fig-221 ure 5A shows the agreement between the theoretically predicted curve ( ) with the experimentally 222 obtained numbers of nuclei over time. Having obtained 0 and from our experimental data, the
with the apical surface area of our domain of interest. In contrast to the apical side of the tissue, However, without maintenance of the gradient, the drive for this net migration is lost (top right). In the retina, the gradient is maintained through cell divisions at the apical surface, modeled as a one way influx across the apical surface (bottom right), continuously driving the net movement basally. 
The first terms within parentheses describes the decay over time of the initial condition exp ( , = 0). For the first three graphs, the best fit over all 100 intervening time points were used with the corresponding diffusion constants shown in (A). For t = 300 min, the best fit at that time point only was used with the corresponding diffusion constants indicated.
our microscopy images (see Figure 1A) clearly indicate that the nuclei have finite incompressible 261 volumes, so that their dense arrangement within the retinal tissue would lead to steric interactions 262 once the nuclear concentration is sufficiently high, and moreover that the packing density of nuclei 263 can not exceed a maximum value dictated by their geometry. Next, we examine whether accounting 264 for these effects leads to a more accurate theory. 
we can identify the term ln as proportional to the entropy S of an ideal gas, and its derivative 268 with respect to as a chemical potential. In an ideal gas, all particles are treated as point-like and 269 without mutual interactions. In order to include the spatial extent of particles, we estimate the 270 entropy using the model of a lattice gas, a system in which space is divided into discrete sites which 271 can either by empty or occupied by a single gas particle. Due to the discrete lattice, particles cannot 272 get closer than the lattice spacing from each other, and there is a maximum possible concentration 273 max (Huang, 1987) . In this system the entropy takes the form 274 S lattice gas ∝ ln + max − ln max − . 
Adjusting the boundary conditions at the apical side accordingly leads to 
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Similar to fitting the linear model, we also need to establish a description of the initial condition.
282
To make both models consistent with each other, we employ the linear model's initial condition, In this work, we have shown that high density nuclear trajectories can be used to tease apart the 310 possible physical processes behind the apparently stochastic movement of nuclei during interkinetic 311 nuclear migration. Firstly, we generated these trajectories using long-term imaging and tracking of buffer. To ensure normal development, a perfusion system was used to pump warm water into the 419 specimen chamber, maintaining a constant temperature of 28.5
• at the location of the specimen. 28.5
• , or 32
• , as required, using a precision air heater (The Cube, Life Imaging Services).
448
Green fluorescence was excited using an Insight DeepSee laser (Spectra-Physics) at 927 nm.
449
The emission of the fluorophore was detected through an Olympus 25x/1.05 NA water immersion 450 objective, and all the signal within the visible spectrum was recorded by a sensitive GaAsP detector. 
where denotes the -th binned data point, its position and Δ m the width of bin . As in 510 Equation 6, the index denotes the -th eigenfunction or -mode.
511
The concentration profile in the nonlinear model
512
The non-linear concentration profile was determined numerically from the same initial condition as The range of sizes of the nuclear principal semi-axes was used to determine the range of data to be 517 included in our fits. Any data closer than 3 µm to 5 µm from the apical or basal tissue surfaces was 518 not taken into account for fitting because the center of a nucleus cannot be any closer to a surface 519 than the nuclear radius. Thus, all data collection very close to the apical or basal tissue surfaces 520 must have been due to the above mentioned measurement uncertainties Δ .
521
In principle, the full solution for ( , ) is composed of infinitely many modes. However, in 522 practice, we truncated this series and only included the first 8 modes in our fits. This is due to the 523 fact that we have a finite set of data points, so adding too many modes could lead to over-fitting.
524
Fits with a wide range of numbers of modes were found to result in the same optimal -values.
525
For fitting, we first rescaled the data in accordance with the non-dimensionalisation of the 526 theoretical variables and (see Equation 5 ). Thus we obtain exp ( , ) from exp ( , ). Then both 527 models were fitted to the experimental data using a minimal-2 approach. fits, the value 2 was calculated for a large range of possible diffusion constants , from = 0.01 533 µm 2 /min to = 10 µm 2 /min. By finding the value of for which 2 became minimal for a given 534 data set and time point, we established our optimal fit.
535
The minimal-2 approach furthermore enabled us to determine the optimal binning width Δ bin 536 or Δ bin and width of data exclusion for the fits. In order to do so, fits of the normal data set were 537 performed for different data binning widths and exclusion sizes of 3 µm to 5 µm. 
where the eigenvalues can be found from simultaneous solution of the boundary conditions, 
which yields the transcendental relation 699 tan (1 − ) = (1 − ) 2 + 1 ,
for which each eigenvalue is a solution corresponding to one of the linearly independent eigen-700 functions (only > 0 need to be taken into account). We can further deduce from the Equation 21 701 that = , where 702 = cos − sin sin + cos ,
and we normalize the obtained expression for ( ) from Equation 20 703
